Switchgrass (Panicum virgatum L.) is a herbaceous perennial grass that can be used as bedding for livestock, planted in buffer strips, and used as biofuel, but it is still not widely grown in eastern Canada. The objectives of this study were to verify the performance of the Integrated Farm System Model (IFSM) in simulating switchgrass growth and to estimate its yield potential and production costs in eastern Canada. The performance of IFSM was assessed with dry matter (DM) yield of switchgrass ('Cave-in-Rock') measured over three growing seasons (2015)(2016)(2017) in southern Quebec, Canada. The model performed reasonably well, with normalized root mean square errors of 19.5% for calibration and 27.9% for validation. Simulation results of potential yield and economic management over the long term for five switchgrass production sites in eastern Canada indicated that average DM yields in Quebec City and Fredericton (9.6 and 9.7 t ha −1 , respectively) were significantly lower than average DM yields in Saint-Hubert, Ottawa, and London (10.8, 10.4, and 11.0 t ha −1 , respectively). Average annual production costs per tonne of DM for the spring harvest were higher at low-yield sites (CAD$66.67 and $64.50 for Fredericton and Quebec City, respectively) than at high-yield sites ($60.10, $62.82, and $60.08 for Saint-Hubert, Ottawa, and London, respectively). The IFSM-estimated production costs were within the range of the calculated values reported in other agro-economic analyses conducted in Ontario and Quebec.
Introduction
Switchgrass (Panicum virgatum L.) is a herbaceous perennial grass that is native to the semiarid prairies of central North America (Martel and Lalonde 2018) . Switchgrass can be used as bedding for livestock, planted in buffer strips to protect the soil from water erosion, and used as biomass for biofuel production (CRAAQ 2008) . According to Delaquis (2013) and Samson (2007) , switchgrass is planted on about 1500 ha of cropland in eastern Canada, mostly in Ontario and Quebec.
In Canada, switchgrass is at the northern limit of its range. Cold winter temperatures in combination with a short growing season are not favourable for its northward expansion (Delaquis 2013) . Ideally, from an agronomic perspective, a warm-season grass species used in a short-growing season area should have rapid leaf area development to ensure high light interception and vigorous early growth (Madakadze et al. 1999) . Harvesting switchgrass in the spring generally results in biomass with a lower moisture content than fall harvesting. Compared with a fall harvest, spring harvesting also improves the quality of the biomass used as biofuel, because of lower ash content and greater energy content. On the other hand, leaving switchgrass to overwinter results in decreased aboveground biomass, mainly because of the loss of plant material (Jannasch et al. 2001) . The establishment of switchgrass remains a challenge because it competes poorly against weeds and takes at least 2 yr to reach its full potential. Once well established, switchgrass can produce up to 12 t ha −1 of aboveground biomass and remain productive for more than 10 yr (Martel and Perron 2008) under eastern Canadian agro-climatic conditions.
A comprehensive, integrated approach is required to develop crop management strategies and estimate production costs. For this type of approach, models that simulate the agronomic, environmental, and economic effects of management practices at the farm scale can be used. Numerous models have been developed to simulate farm-scale agricultural management, including DairyWise in the Netherlands (Schils et al. 2007) , the Whole-Farm Model (WFM) in New Zealand (Beukes et al. 2008) , the Global Activity Model for Evaluating the Sustainability of Dairy Enterprises (GAMEDE) in France (Vayssières et al. 2009a (Vayssières et al. , 2009b , and the Integrated Farm System Model (IFSM) in the United States . Some models have been used to assess the agronomic and economic performance of switchgrass (Stout 1994; Brown et al. 2000; Kiniry et al. 2005; Corson et al. 2007; Sendich et al. 2008; Jager et al. 2010; Lee et al. 2012; De Laporte et al. 2014; Baskaran et al. 2015) . However, their ability to simulate switchgrass growth in northern regions needs to be verified.
This project had two main objectives. The first objective was to assess the performance of IFSM in simulating the aboveground dry matter (DM) biomass of fieldplanted switchgrass in three consecutive growing cycles (2015-2017) on a farm in southern Quebec. The second objective was to use the validated model to simulate, over the long term , the aboveground DM biomass and economic management at the farm level of five switchgrass production sites in three provinces of eastern Canada (Ontario, Quebec, and New Brunswick).
The simulation would highlight the effect of climatic conditions on switchgrass aboveground DM biomass and production costs in these three provinces.
Materials and Methods
Performance of IFSM in simulating aboveground biomass on a farm in southern Quebec Characteristics of the experimental site
The experiment was conducted on a 2.4 ha field of switchgrass located near Lennoxville, in southern Quebec (45°20′49″ N, 71°47′29″ W). The field had been planted with the cultivar Cave-in-Rock in the spring of 2009. According to Martel and Lalonde (2018) , this switchgrass cultivar is recommended in Quebec because of its versatility and good lodging tolerance. The soil type was a silty loam of the Sherbrooke series (34% sand, 15% clay). The site had low slopes that vary from 1% to 3%. Mineral nitrogen (N) fertilizer was applied at 90 kg N ha −1 each spring after harvest.
The climatic characteristics observed from 2015 to 2018 are shown in Fig. 1 . The reference weather station (45°22′12″ N, 71°49′12″ W) is located at the Agriculture and Agri-Food Canada experimental station in Lennoxville. Mean temperatures recorded during the growing season (1 Apr. to 31 Oct.) in 2015, 2016, and 2017 were 14.1°C, 14.1°C, and 14.8°C, respectively. The precipitation received during the growing seasons of 2015, 2016 and 2017 were 651, 526, and 602 mm, respectively. Solar radiation amounts were 3534, 3602, and 3310 MJ m −2 for the 2015, 2016, and 2017 growing seasons, respectively.
Sampling protocol and laboratory measurements
Switchgrass aboveground DM biomass was measured five times during the growing season from 2015 to 2017, and a sixth sample was taken each spring before harvest in 2016 , 2017 . At each sampling date, five switchgrass samples were collected by cutting the plants at about 1 cm above the ground in quadrats measuring 1 m 2 (1 m × 1 m). The plants harvested in each quadrat were placed in individual bags and transported to the laboratory to determine their fresh weight (stems and leaves). A set of 30 plants from each quadrat were randomly selected and oven-dried for 72 h at 55°C for moisture extraction (ASABE 2012) and determination of their dry weight. Then, another set of 30 plants from each quadrat were randomly selected for separation of the stems and the leaves. The stripped stems were set aside, and the leaves were divided into two groups depending on whether the leaves were yellow or green. The leaf area of the green leaves was measured using an area meter (model LI-3100, LI-COR, Inc., Lincoln, NE) and the leaf area index (LAI) was calculated. The three subsamples (stems, yellow leaves, and green leaves) were ovendried for dry weight determination. The average DM biomass (t DM ha −1 ) of the five quadrats was then calculated for each of the six sampling dates per year.
Integrated Farm System Model
This study used version 4.2 of IFSM United States Department of Agriculture 2015) . IFSM is generic in design and can simulate a wide range of crop rotations, feeding strategies, equipment, facilities, and other management options. Unlike many other farmscale models, IFSM simulates the main agricultural components at the process level, making it possible to carry out an integrated assessment of the agri-environmental implications (carbon, nitrogen, and phosphorus transformations and losses) and economic consequences of specific management practices at the farm scale. IFSM has been used for the environmental and economic assessment of a variety of agricultural production systems in the United States (e.g., Sendich and Dale 2009; Deak et al. 2010; Rotz et al. 2010; Dutreuil et al. 2014) and Canada (e.g., Jégo et al. 2015; Thivierge et al. 2016 Thivierge et al. , 2017 . In IFSM, the growth of grass species such as switchgrass is simulated at a daily time step using functions from the Grazing Simulation Model (GRASIM) (Mohtar et al. 1997) . IFSM simulates yearly fixed and variable production costs, revenues, and economic return for the entire farming operation. However, the performance of this model in simulating the growth of switchgrass and determining its production costs has never been assessed under eastern Canadian agro-climatic conditions.
Assessment of IFSM performance
Field measurements were used to assess the performance of IFSM in reproducing the aboveground DM biomass observed in Lennoxville. Aboveground DM biomass and specific leaf area measurements were used to calibrate the switchgrass growth parameters. Starting from the default parameter values for switchgrass provided by IFSM (Corson et al. 2007) , several calibration attempts were made to minimize the root mean square error of the observed and simulated final aboveground DM biomass in the fall of 2015 and 2016. The results of these calibration tests showed that, for most of the parameters, the values proposed by default in IFSM were adequate for simulating the growth of switchgrass (Cave-in-Rock) at the study site. Only the value for the specific leaf area parameter was adjusted. After this calibration step, the model's performance (validation) in predicting aboveground DM biomass was assessed using data from the 2017 growing season.
A number of statistical criteria have been proposed to assess the performance of a model (Yang et al. 2014 ). In the following equations, n is the number of measurements, O i is the observed value, Ō is the mean of the observed values, and P i is the value predicted by the model.
The Pearson correlation coefficient (R) is calculated as follows:
The Nash-Sutcliffe efficiency coefficient (EF), with an optimal value of 1, is calculated as follows: 
The EF is <1 for all realistic simulations and <0 if the model's predicted values are worse than the values obtained when the observed mean (O i ) is used in place of the simulated value (P i ).
The mean error (ME), with an optimal value of 0, is calculated as follows:
The normalized mean error (NME) is calculated as follows:
The root mean square error (RMSE), with an optimal value of 0, is calculated as follows:
The normalized root mean square error (NRMSE) is calculated as follows:
According to Jamieson et al. (1991) , a simulation is considered acceptable when the NRMSE is ≤30% and poor when the NRMSE is >30%.
Simulation of potential aboveground biomass and production costs in eastern Canada

Description of study sites
The IFSM parameters established in the preceding step were used to simulate the potential aboveground DM biomass and production costs for switchgrass from 1986 to 2015 at five sites in eastern Canada. The sites were located arbitrarily at the following weather stations: Fredericton, NB, 45°55′00″ N, 66°37′00″ W; Quebec City, QC, 46°48′00″ N, 71°23′00″ W; Saint-Hubert, QC, 45°31′00″ N, 73°25′00″ W; Ottawa, ON, 45°2 3′00″ N, 75°43′00″ W; and London, ON, 43°01′59″ N, 81°09′04″ W. These sites are characterized by a large climatic gradient and by some regional economic differences. The same soil texture (medium loam) was used for all sites so that the temperature, precipitation, and solar radiation climatic characteristics observed between 1 Apr. and 31 Oct. at the five sites were the only variables that were likely to influence the simulation of the switchgrass aboveground DM biomass during the period of 1986-2015 (Fig. 2) . The lifespan of switchgrass was set to 20 yr in IFSM. Table 1 presents the economic parameters (economic information) used in IFSM to simulate switchgrass production costs in each of the provinces under study. These parameters were obtained through a review of the literature (OMAFRA 2017; Martel and Lalonde 2018) . Many of the costs did not vary between provinces. Only the costs associated with fuel, electricity, labour, N fertilizers, seeds, and herbicides differed between some of the provinces (Government of Canada 2017; Hydro-Québec 2017; Ministère des Affaires municipales et de l'Occupation du territoire du Québec 2017; Natural Resources Canada 2017). Machinery costs (CRAAQ 2012a) were the same for all provinces. Tillage, seeding, and spraying operations were contracted out (CRAAQ 2012b). These parameters were estimated to be as representative as possible of the 2012-2017 period. The objective was not to simulate the evolution of production costs over time, but to estimate the effect of climate variation on production costs under current economic conditions.
Average annual costs associated with switchgrass production during the 1986-2015 period were calculated for each of the sites. These annual costs were divided into variable costs (equipment, fuel, electricity, and labour) and fixed costs (buildings, seeds, fertilizers, contracted work, and taxes), with fixed costs accounting for about 25% of the total annual production costs. The data provided by Martel and Lalonde (2018) and OMAFRA (2017) resulted in fixed costs of 23% and 25% for switchgrass crops in Quebec and Ontario, respectively.
All the farm parameters, including costs, were kept constant throughout the simulation period, so that the only source of variation was the influence of weather conditions. Therefore, the distribution of annual values obtained describes switchgrass aboveground DM biomass as a function of weather conditions. The distribution of simulated annual values on the farm indicates the risk to the farm's production system posed by weather conditions. A broad distribution of annual values means a higher degree of weather risk for the farming operation.
Statistical analysis
After verification of the normal distribution of the data (Kolmogorov-Smirnov test), a multiple comparison test (Tukey's test) was carried out to evaluate the presence of significant differences among sites for the average annual aboveground DM biomass of switchgrass at the Fredericton, Québec, Saint-Hubert, Ottawa, and London sites. To further describe and understand the trends observed with the correlation analysis, multivariate statistical analyses [descriptive statistics and principal components analysis (PCA)] were carried out on the measured values for average temperature, total precipitation, and total solar radiation as well as on the simulated values for annual aboveground DM biomass, annual production cost per farm, and average annual production cost per tonne of DM during 1986-2015 at the five sites. In total, 150 site-years (5 sites × 30 yr) were used to perform the PCA. The analyses were performed using SigmaPlot (Systat Software 2014).
Results and Discussion
Switchgrass measurements for IFSM model calibration and validation Aboveground DM biomass and LAI variations
The LAI values measured during the 2015 sampling period reached a maximum of 7.22 m 2 leaf m −2 soil, whereas the maximum LAI values obtained during the 2016 and 2017 sampling periods were 5.74 and 5.07 m 2 leaf m −2 soil, respectively (Fig. 3) . The aboveground DM biomass measured in the fall was 13.81 t DM ha −1 in 2015, 10.12 t DM ha −1 in 2016, and 12.39 t DM ha −1 in 2017, compared with 11.19, 10.66, and 11.67 t DM ha −1 in the spring of 2016, 2017, and 2018, respectively (Fig. 3) . On average, about 1 t DM ha −1 (6.5%) was lost between the aboveground DM biomass measured in the fall and that measured in the following spring. Previous studies showed that aboveground DM biomass in the fall varied depending on the region, soil type, fertilization, and cultivar, but were about 8-12 t DM ha −1 per year for Ontario and southwestern Quebec (Madakadze 1997; Madakadze et al. 1999; Jannasch et al. 2001; Samson 2007; Martel and Perron 2008; Delaquis et al. 2011 Delaquis et al. , 2014 Samson et al. 2014; Martel and Lalonde 2018) . Therefore, the switchgrass aboveground DM biomass measured at the Lennoxville site over three experimental years indicates good and representative productivity.
Model calibration
The aboveground DM biomass measured in 2015 and 2016 were used to calibrate the switchgrass growth parameters in IFSM ( Table 2) . The default values, proposed by Corson et al. (2007) , were adequate for all parameters except specific leaf area, for which an adjustment was required to minimize the difference between observed and simulated aboveground DM biomass. For our study, the specific leaf area parameter was set to 8 m 2 kg −1 DM, whereas Corson et al. (2007) proposed a value of 12 m 2 kg −1 DM, as measured by Retta et al. (2000) for switchgrass grown on cropland in the Great Plains of the US Midwest.
Before calibration, IFSM simulated the aboveground DM biomass observed in 2015 and 2016 period with an NME of 14.2%, an NRMSE of 28.0%, and a Nash-Sutcliffe EF of 0.66 (Table 3) . After calibration, the model's performance was greatly improved, as indicated by an NME of 6.2%, an NRMSE of 19.5%, and an EF of 0.84. These values were close to those reported by Kang et al. (2014) for the calibration of the EPIC model (NRMSE: 17.1% and 25.5%). The biomass curves for the simulations performed with the default parameters and the simulations performed with the adjusted specific leaf area parameter are provided (Fig. 4) . Despite a larger bias in the prediction of aboveground DM biomass that appeared over the growing season (July to September), the final aboveground DM biomass in the fall was fairly well predicted with an NRMSE below 21%, but with an underestimation of 20.7% in 2015 and overestimation of 15.4% in 2016. There was, however a general trend to underestimate the aboveground DM biomass >7 t DM ha −1 . The coefficient of determination (R 2 ) of 0.84 between the observed and simulated values for the 2015-2016 calibration period indicates a good performance of IFSM in simulating aboveground DM biomass (Fig. 5) . 
Model validation
The validation step entailed the comparison of the observed and simulated values during the 2017 growing season. IFSM simulated the observed aboveground DM biomass with an NME of 24.0%, an NRMSE of 27.9%, and a Nash-Sutcliffe EF of 0.52 (Table 3) along with an R 2 value of 0.90 (Fig. 5) . Those values indicate an acceptable simulation of the aboveground DM biomass observed at the beginning and end of the growing season (underestimation of 10.3% of the final biomass), as the simulated values were within the standard deviation of the measured values (Fig. 6 ). However, as in the calibration step, larger biases in the prediction of aboveground DM biomass appeared during the growing season (July to September). IFSM's difficulty in correctly reproducing the growth dynamics of switchgrass was also pointed out by Corson et al. (2007) . Rotz et al. (2015) also reported that, because of the large functional differences between the groups of grasses, the equations in IFSM for predicting the phenology of cool-season grasses had not been adapted for warm-season grasses. As a result, the phenology of warm-season grasses is not simulated by IFSM. The failure of the model to take phenology into account could be partly responsible for the discrepancies between the observed and simulated aboveground DM biomass. This inability of IFSM to reproduce certain mechanisms of switchgrass growth was also identified by Corson et al. (2007) .
With NRMSE values of 27.9% for validation, the level of performance of IFSM in predicting switchgrass aboveground DM biomass was comparable to the levels of performance obtained by Stout (1994) with the SPUR (Simulation of Production and Utilization of Rangeland) model (NRMSE: 13.3%-25.9%), by Brown et al. (2000) with the EPIC (Erosion Productivity Impact Calculator) model (NRMSE: 25.0% and 25.6%), by Kiniry et al. (2005) with the ALMANAC (Agricultural Land Management Alternatives with Numerical Assessment Criteria) model (NRMSE: 2.3%-41.9%), by Corson et al. (2007) with IFSM (NRMSE: 51.6%), and by Persson et al. (2011) with ALMANAC (NRMSE: 30.4%-138.2%).
Potential aboveground biomass and economic management for five sites in eastern Canada
Simulation of aboveground DM biomass IFSM parameters used to simulate the switchgrass aboveground DM biomass at each of the five agronomic sites were the same as the calibrated parameters. Running the model produced the long-term aboveground DM biomass shown in Fig. 7 .
The Fredericton site produced the lowest annual median aboveground DM biomass, with 9.6 t DM ha −1 , whereas the London site produced the highest annual median aboveground DM biomass, with 11.0 t DM ha −1 . A multiple comparison test (Tukey's test) revealed significant differences between the average annual aboveground DM biomass at some of the sites. The Quebec Note: N, number of measurements; ME, mean error; NME, normalized mean error; RMSE, root mean square error; NRMSE, normalized root mean square error; EF, model efficiency.
City and Fredericton sites produced average aboveground DM biomasses that were significantly lower than those produced at the Saint-Hubert, Ottawa, and London sites.
The average aboveground DM biomass of switchgrass simulated at the five sites lay within the range of the aboveground DM biomass observed at the end of the growing season in eastern Canada for the switchgrass cultivar Cave-in-Rock (i.e., 8-12 t DM ha −1 per year) (Madakadze 1997; Madakadze et al. 1999 Delaquis et al. 2011 Delaquis et al. , 2014 Samson et al. 2014; Martel and Lalonde 2018) . They were, however, slightly lower than that predicted values from the De Laporte et al. (2014) study (15.7 t ha −1 ). The lower average aboveground DM biomass can be explained by the fact that, in IFSM, water stress (excess or lack of soil water) and nitrogen stress can limit crop growth, which was not the case in the study of De Laporte et al. (2014) , in which only temperature and solar radiation were considered as factors affecting crop growth. Interannual variability in simulated aboveground DM biomass was high (3.5-5 t DM ha −1 ), depending on the site, but none of the simulated biomass at harvest was below 7 t DM ha −1 . These simulation results suggest that, once the establishment phase has been successfully completed, a switchgrass crop in eastern Canada can produce at least 7 t DM ha −1 per year in the absence of extreme climate events or major biotic stresses, which are not considered by the model. Table 4 and Fig. 8 show simulated costs associated with switchgrass production at the five sites under study during the 1986-2015 period. Total annual production costs per farm ranged from $46 648 yr −1 in Quebec City to $49 513 yr −1 in London (Table 4 ). As the area planted to switchgrass was set arbitrarily to 80 ha at all five sites, the average annual costs per hectare followed the same pattern, with values ranging from $583 in Quebec City to $619 in London. The switchgrass annual aboveground DM biomass simulated by IFSM was between 9.63 t DM ha −1 in Fredericton and 11.02 t DM ha −1 in London for the fall harvest and between 9.00 t DM ha −1 in Fredericton and 10.30 t DM ha −1 in London for the spring harvest (on the basis of an average over-winter reduction in DM of 6.5%, as observed previously at the Lennoxville experimental site). Averaged across the five sites, the average annual aboveground DM biomass was 10.29 t DM ha −1 in fall and 9.62 t DM ha −1 in the spring.
Estimation of production costs at five agronomic sites
The average production costs with a fall harvest ranged from $62.31 t −1 DM in Fredericton to $56.17 t −1 DM in London, whereas those estimated costs with a spring harvest ranged from $66.67 t −1 DM in Fredericton to $60.08 t −1 DM in London (Fig. 9 ). Martel and Lalonde (2018) reported an average annual cost of $67.51 t −1 DM for an aboveground DM biomass of 7 t ha −1 , whereas OMAFRA (2017) reported an annual production cost of $51.43 t −1 DM. De Laporte et al. (2014) simulated a farm gate break-even price of $61.9-108.12 t −1 DM in Ontario. In the United States, Baskaran et al. (2015) reported a production cost between $43 and $88 t −1 DM from several economic studies. In our study, the average simulated annual production cost averaged across the five sites was $58.74 t −1 DM for fall harvesting and $62.82 t −1 DM for spring harvesting. This increase for spring harvesting is attributable mainly to losses of switchgrass biomass during the winter.
Statistical analysis of the simulation results
The climate variables illustrate the climate gradient of the study area, showing the lowest temperature and highest precipitation in Quebec City and the highest temperature and lowest precipitation in London (Table 5 ). The London site had also the maximum aboveground DM biomass (Yield) and annual production cost per farm (CostTotProd), whereas the maximum annual production cost per tonne of DM (CostDM) was found at the Fredericton site. The minimum aboveground DM Fig. 7 . Box plots of simulated annual aboveground DM biomass at the five sites in eastern Canada. From top to bottom, the following information is indicated in the box plot: maximum, upper quartile, average (red mark), median (black line), lower quartile, and minimum. [Colour online.] biomass was found in Fredericton, whereas the minimum annual production cost per farm was found in Quebec City and the minimum annual production costs per tonne of DM were found at the London and Saint-Hubert sites ( Table 5 ).
The London site had the largest number of strong and significant correlations between variables (r ≥ 0.50, P < 0.05), whereas the Quebec City site had the smallest number (Table 6 ). None of the sites had a strong and significant correlation (r ≥ 0.50, P < 0.05) between the annual production cost per farm and the annual cost of production per tonne of DM. The variable aboveground DM biomass generated the largest number of strong and significant correlations with other variables (r ≥ 0.50, P < 0.05), while total precipitation generated the smallest number. The correlations between aboveground DM biomass and annual cost of production per tonne of DM were very strong (r > 0.85) regardless of site. Thus, aboveground DM biomass is the main factor in the simulation explaining the variation in the production cost per tonne of DM produced. These correlations also suggest that aboveground DM biomass is influenced more by temperature and solar radiation than by precipitation.
The eight points located outside the 95% confidence ellipse can be considered potential outliers. The first principal component (PC1) accounts for 61.8% of the variance, Note: The area planted to switchgrass was 80 ha. (Fig. 9) . The interrelationship between the variable vectors suggests that aboveground DM biomass and annual production cost per farm for switchgrass increase with increasing temperature and solar radiation but decrease with increasing precipitation.
With respect to the interrelationship between siteyears, a west-east gradient in the clustering of the sites can be seen when the PCA is considered clockwise (from quadrant I to quadrant IV). According to PC1, the London and Saint-Hubert clusters are opposite the Quebec City and Fredericton clusters, whereas according to PC2, the London and Fredericton clusters are opposite the Saint-Hubert and Quebec City clusters. High annual production cost per farm characterizes London, high aboveground DM biomass characterizes Saint-Hubert, high total precipitation characterizes Quebec City, and high annual production costs per tonne of DM produced characterizes Fredericton. The high aboveground DM biomass associated with Saint-Hubert are opposite those found in Fredericton, whereas the high annual production cost per farm associated with London are opposed to those found in Quebec City.
These results showed that warm-season grasses growth in eastern Canada is limited more by the short growing season, cool temperatures, and lack of solar radiation than by the lack of precipitation. These results also highlight agro-climatic differences that are Note: T avg , average temperature; P tot , total precipitation; R tot , total solar radiation; Yield, annual aboveground DM biomass; CostTotProd, annual production cost per farm; CostDM, average annual production cost per tonne of DM. Values in grey shaded cells represent significance at 95% (P < 0.05) and bold values represent r ≥ 0.500. attributable to the geographical location of the sites under study (i.e., west-east gradient).
Conclusions
The objectives of this project were to assess the performance of IFSM in simulating the aboveground DM biomass of switchgrass for eastern Canada and to use the verified model to simulate, over the long term, the aboveground DM biomass and economic management of switchgrass in three provinces of eastern Canada (Ontario, Quebec, and New Brunswick) .
The performance of IFSM in simulating the observed aboveground DM biomass of switchgrass in the region of Lennoxville (QC) during the 2015-2017 period was acceptable, with an NRMSE slightly below 28% for validation. However, the observed aboveground DM biomass during the growing season (July to September) was underestimated in 2015 and 2017 and overestimated in 2016. The model predicted aboveground DM biomass better at the end of the growing season, with an underestimation of 10.3%. The failure of IFSM to consider the phenology of warm-season grasses could be partly responsible for the discrepancies between the observed and simulated biomass during the course of the growing season. Even though phenological stages are omitted, the growth of switchgrass was predicted fairly well by IFSM, considering the diverse agro-climatic conditions at each experimental site.
The long-term simulations performed for the five switchgrass production sites in eastern Canada resulted in an average predicted annual aboveground DM biomass ranging from 9.6 to 11.0 t DM ha −1 , which were within the range of the annual biomass observed in eastern Canada for the switchgrass cultivar Cave-in-Rock (8-12 t DM ha −1 ). The Quebec City and Fredericton sites produced significantly less average annual aboveground biomass than the Saint-Hubert, Ottawa, and London sites. Predicted production costs would increase by 6.5% on average if harvesting was performed in the spring instead of in the fall, mainly because of aboveground biomass losses over winter.
Multivariate analysis confirmed that switchgrass growth in eastern Canada was limited more by cool temperatures and lack of solar radiation than by lack of precipitation. These results also highlight agro-climatic differences that are attributable to the geographical location of the sites under study (i.e., west-east gradient). In addition, the results of this study confirm that IFSM is a useful tool for estimating aboveground DM biomass and production costs over the long term for an emerging crop like switchgrass in eastern Canada.
